Fano resonances are features in absorption, scattering or transport spectra resulting from the interaction of discrete and continuum states. They have been observed in a variety of systems 1-6 . Here, we report a many-body Fano resonance in bilayer graphene that is continuously tunable by means of electrical gating. Discrete phonons and continuous exciton (electronhole pair) transitions are coupled by electron-phonon interactions, yielding a new hybrid phonon-exciton excited state. It may also be possible to control the phonon-exciton coupling with an optical field. This tunable phonon-exciton system could allow novel applications such as phonon lasers.
However, a tunable Fano system characterized by controlled interference between distinct many-body excitations has been lacking up to now. Here, bilayer graphene provides a unique many-body system in which Fano interference between coupled phonon and electron-hole pair excitations can be realized and controlled through electrical gating. Unlike the relatively simple Fano resonances characterized by single-electron transitions in atoms and quantum dots, the bilayer graphene Fano resonance describes a collective phonon vibration coupled to a continuum of electron-hole excitations through electron-phonon interactions. Such coupling leads to new elementary excitations described by hybrid phonon-exciton states, in which the phonon 'dressed' with an exciton cloud has centre frequency, linewidth and infrared activity strongly renormalized by the manybody interactions. This hybrid phonon-exciton excitation and the associated tunable Fano resonance in bilayer graphene can be continuously tuned through electrical gating and described quantitatively using a tight-binding model. This microscopic understanding of the couplings between electron, phonon and light in bilayer graphene can lead to novel applications making use of the tunable bandgap of bilayer graphene.
In our studies, we used dual-gated bilayer graphene samples. Figure 1f shows an optical microscopy image of a typical device. A pristine Bernal stacked graphene bilayer has inversion symmetry (for example, in Fig. 1a , the mid-point between atom A in the upper layer and atom B in the lower layer is an inversion centre), but an electrical field normal to the graphene plane breaks this symmetry and profoundly changes the graphene electronic and vibrational properties. Electronically, bilayer graphene is intrinsically an undoped gapless semiconductor. A normal electrical field, however, induces a non-zero energy gap and charge carrier doping. These two key parameters, electronic bandgap (D) and carrier doping concentration (n), can be controlled independently in a dual-gate graphene device. This is achieved by controlling both the top and bottom displacement fields D t and D b with the corresponding gates ( Fig. 1 g) ; the discontinuity of the displacement field DD ¼ D b 2 D t determines the carrier doping concentration, and the average displacement field D ¼ ðD b þ D t Þ=2 determines the tunable bandgap 17 (see Supplementary Information). For phonon vibrations, we focus on the symmetric G-mode phonon 12, 28 (Fig. 1a ). It carries zero dipole moment and is therefore infrared inactive in the pristine symmetric bilayer. A normal electric field, however, breaks the symmetry between the upper and lower layers, resulting in different charges on the carbon atoms at the A site of the bottom layer and the B site of the top layer ( Fig. 1b ). These atoms now appear like oppositely charged ions in a polar crystal, and their vibrations become infrared active. A related phenomenon in which the Raman inactive antisymmetric G-mode phonon becomes Raman active due to the breaking of an inversion symmetry has been observed recently in single-gated bilayer graphene 29 .
The field-induced electronic bandgap and phonon infrared activity lead to dramatic changes in graphene bilayer infrared absorption spectra. Figure 1h displays the absorption spectrum of an ungated bilayer sample, whereas Fig. 1i shows the gateinduced absorption spectrum with carrier doping n % 0 and bandgap D % 190 meV. Although the ungated bilayer absorption spectrum is largely featureless, the spectrum with D % 190 meV shows two prominent new features: a broad absorption peak corresponding to electronic bandgap transitions and a sharp spectral feature at 195 meV coincident with the G-phonon energy. Instead of seeing an absorption peak as might be expected for an infrared active phonon, we observe a strong absorption dip at the phonon frequency. This 'anti-resonance' signifies that the phonon and electronic excitations are not independent in bilayer graphene. Instead, they form a new elementary excitation of a hybrid phonon-exciton nature. Such new elementary excitations strongly modify light absorption around the phonon resonance. This can be described as a many-body realization of the Fano interference, in which the discrete state is the phonon vibration and the continuum states are the electron-hole pair excitations.
Phenomenologically, the absorption A(E) at a given energy E under Fano resonance condition has a lineshape described by
where A e is the bare electronic state absorption, and E V and g are the centre energy and width of the phonon resonance, respectively. In the numerator, g and (E 2 E V ) describe the phonon and electronic weights in the hybrid wavefunction at different energies, and the dimensionless parameter q characterizes the relative dipole strength of the renormalized phonon and electron transitions. Depending on the value of q, the absorption lineshape can include a resonance (jqj ) 1, phonon dominates), dispersion (jqj % 1, comparable phonon and electron contribution) or anti-resonance (jqj ( 1, electrons dominate). In bilayer graphene we can achieve these different lineshapes by controlling the electron and phonon transition dipoles with different gate electrical fields. Figure 2a presents the Fano resonance absorption at different bandgap energies (D) and zero electron doping (black lines). To focus on the sharp Fano features, we have subtracted the broad electronic absorption background, which was approximated by a thirdorder polynomial fitting of the absorption in the frequency range 150-260 meV excluding the phonon region of 185-215 meV The phonon resonance appears as a dip rather than an absorption peak because of Fano interference.
( Fig. 1i , red dashed line). These absorption spectra are well described by the Fano lineshape
where A e , q, E V and g are the fitting parameters (fits are shown in Fig. 2a as red traces). In the relatively narrow spectral range around the Fano resonance, A e has been approximated as a constant. The Fano lineshape is seen to change dramatically when the energy gap D is increased, first as a weak absorption dip, then as a dispersive interference, and finally as an absorption peak. The critical parameter describing these lineshapes is q. In our system, this dimensionless quantity q is given by
is the joint electron-hole pair density of states at the renormalized phonon energy, V e-ph is the electron-phonon coupling strength, and m ph and m e-h are the optical matrix element (dipole moment) of the dressed phonon and that of an electronhole pair, respectively 1 . (See Supplementary Information for details on how q is obtained from the calculations.) In these spectra, q is negative and its magnitude increases by an order of magnitude as D increases. This increase of jqj can be qualitatively understood by two effects. First, the phonon gains infrared activity from the field-induced symmetry breaking, and its dipole moment m ph increases monotonically with the field strength. Second, electronic transitions at E ¼ E V become weaker with increasing field strength once the gap energy is larger than E V , because the joint electron-hole pair density of states D e-h (E V ) becomes extremely small (although not zero as a result of finite electronic broadening). Instead of varying the electronic bandgap, we can also modify the Fano resonance infrared absorption by changing the carrier concentration. This is achieved experimentally by fixing the bottom-gate voltage and sweeping the top-gate voltage. In such measurements, the bandgap also changes slightly, but the dominant effects are from carrier doping. Figure 2b shows Fano absorption spectra (with the broad electronic absorption background subtracted) at different carrier concentrations. It can be seen that electron doping can also lead to a continuous change from a dip to a peak in the absorption spectrum around the phonon energy. In this case, the increase in jqj is mainly due to a reduction of electronic transition strength from Pauli blocking; with an increase in the electron density, the Fermi energy shifts up and the electronic transitions at E V become forbidden when the final states for such transitions are already filled.
The detailed dependence of Fano resonance parameters on electrical gating reveals not only the changes of electron and phonon optical dipole strengths contained in A e and q, but also the renormalization of the 'dressed' phonon vibration frequency E V and broadening g. Figure 3a -d (symbols) presents the experimental data for A e , q, E V and g at different gap energies, with n % 0. All such behaviours of the tunable many-body Fano resonance can be described quantitatively in bilayer graphene by calculating the band structure using a tight-binding model and by introducing the creation operator of a hybrid phonon-exciton excitation h þ energy-dependent parameters (see Supplementary Information for details) 1 . The first term in the expression describes the renormalized phonon vibration, which is a bare phonon dressed by off-resonance electron-hole pair excitations. It is through this coupling that the phonon gains infrared activity. Figure 3 presents a comparison of experimental values (symbols) and theoretical results (lines). We have used an energy broadening of 40 meV for the electronic transitions to account for the finite excited state lifetime and inhomogeneity in environmental carrier doping from charged impurities. A bare phonon energy of 197.1 meV and width of 0.6 meV in the absence of electronphonon interactions were used as fitting parameters in Fig. 3c and d, respectively. Our fitting is consistent with tight-binding parameters of an intralayer hopping energy of 3 eV, an interlayer hopping energy of 0.4 eV, and vibration-induced hopping energy change of 6 eV Å 21 (refs 10,30). Note some interesting relations between the Fano parameters. The phonon frequency is redshifted, and q assumes a negative value in this coupled electron-phonon system. These features are both a result of the fact that the phonon coupling to higher energy continuum states is greater than the coupling to lower energy states. Phonon width (g) and electronic absorption (A e ) also show a common maximum when the bandgap energy is tuned close to the phonon energy (at 195 meV), both due to a dramatic increase in the electronic density of states. The additional broadening of the phonon width due to electron-phonon coupling reaches 1.4 meV, which is significantly larger than its intrinsic width of 0.6 meV. Similar broadening of phonon linewidth due to electron-phonon interactions has also been observed previously in Raman spectra of single-gated bilayer graphene 12, 29, 31 . This corresponds to a maximum phonon decay rate of 4.2 ps 21 from electron-hole pair generation and 1.8 ps 21 from anharmonic phonon coupling.
In conclusion, gated bilayer graphene shows rich Fano resonance behaviour. It features coupled resonant light, exciton and phonon excitations enabled by electric field tuning. The unique tunable bandgap and strong electron-phonon interactions in bilayer graphene offer the possibility of a phonon laser, which can be easily appreciated from the analogy to its photon counterpart as in semiconductor lasers. In a semiconductor laser, photons with energy matching the electronic bandgap are amplified by stimulated emission from population-inverted bandgap electrons. Similarly, when the phonon energy matches the electronic bandgap as realized here, stimulated amplification and lasing of phonons can be achieved through bandgap electron population inversion. This simple scheme makes use of the unusual tunable electronic bandgap and is distinctly different from previous phonon laser proposals [32] [33] [34] . The maximum 'phonon gain' in our system is set by the stimulated phonon emission rate (from fully population inverted electrons), which equals the phonon absorption rate by unexcited electrons and is $4.2 ps 21 . In comparison, the 'phonon loss' is determined by the anharmonic phonon decay rate at $1.8 ps 21 . Therefore a phonon laser with stimulated phonon emission gain overcoming the loss can be achieved in bilayer graphene if sufficient population inversion is created by either optical pumping or electron injection.
Note added in proof: After submission of our paper, a related study of Fano resonance in doped bilayer graphene was reported 35 .
Methods
The fabrication procedure for creating the dual-gate devices is described in ref. 17 . Briefly, bilayer graphene was connected to 20-nm-thick gold source and drain electrodes. The doped silicon substrate under a 285-nm-thick SiO 2 layer served as the bottom gate, and a semi-transparent strip of platinum film on top of an 80-nmthick Al 2 O 3 film formed the top gate. The gold and platinum electrodes were deposited through stencil masks in vacuum. A cross-sectional view of the bilayer device is presented in Fig. 1g . Infrared absorption of the Fano resonance was measured using the synchrotron-based infrared source from the Lawrence Berkeley National Lab Advanced Light Source and a micro-Fourier transform infrared spectrometer. All experiments were carried out at room temperature. The optical phonon acquires its dipole through field-induced symmetry breaking and increases monotonically, whereas the electronic dipole moment reaches its maximum at D ¼ E V . Consequently, jqj increases dramatically at D . E V . q is negative because coupling to electronic transitions with energy larger than D is stronger. c, Phonon vibration frequency decreases at larger gap energies. This phonon softening also arises from stronger coupling to electronic transitions with energy larger than D. d, Phonon linewidth is broadened by electron-phonon coupling. The linewidth reaches a maximum at D ¼ E V when the electron-phonon interactions are the strongest.
